Abstract-In this paper, a simple fuzzy-based algorithm to remove the impulse noise from images is proposed. To achieve real-time applications, the proposed filter architecture, which combines fuzzy noise detection and noise filtering, is also designed. With low computational complexity, simulation results show that the proposed filters effectively remove the impulse noise.
Fuzzy set theory methods with the capability to efficiently represent the input/output relationships of dynamic systems have gained attention, especially in pattern recognition and computer vision applications [13] . Hence, there have been many efforts to develop a fuzzy filter for signal/image processing. Russo [6] and Farzam [8] proposed fuzzy logic filters to receive promising results for image enhancement. In [6] and [8] , fuzzy rules were used for detecting noise and preserving images. However, most of the fuzzy logic filters are inefficient and time-consuming in real time applications.
In the TV receiver set, which receives transmitted analog images, a trade-off must be made among its hardware cost, operating speed, and image quality. Rule-based fuzzy filters, which use large rulebases to process highly corrupted images, typically have high performance but demand high computational complexity. In other words, for low probability noisy images, it is obvious that only a few rules are necessary. In real-time applications, however, a limited performance in removing noise is the cost for low computational complexity. In this paper, we extend our previous work [14] and propose a new nonlinear filter, based on a simple fuzzy-based detection, to effectively maintain image quality upon the removal of impulse noises. In Section II, we propose a fuzzy-logic noise detection and threshold filter. Simulation results show that this noise detection system performs better in removing impulse noises than the traditional median filter, which requires complex hardware. In Section III, the architecture for the proposed filter is designed. A short summary of this paper is provided in Section IV.
II. FUZZY-BASED AVERAGE AND THRESHOLD FILTER
The intensity of an impulse noise impaired pixel is usually much larger (or smaller) than that in the surrounding pixels. When a small window is centered at an impulse-impaired pixel, the effect of the impulse noise is observed after an average filter is applied. With this concept in mind, we propose a fuzzy based nonlinear filter to reduce the impulse noise based on an block-processing unit. Fig. 1 shows a 3 3 processing block in which the corresponding eight pixels are labeled from to and the center pixel is labeled .
In order to avoid reducing the resolution of TV pictures in the direct replacement, which might possess the same disadvantage as most average filters, a fuzzy noise-detecting unit was adopted. The ideal detail-preserving processor for impulse noise removal is able to detect a noise pixel by estimating the disparity in the original gray level of a noise pixel from the averaged gray level of the neighboring pixels [15] . The restoration process is divided into two steps. In the first step, the pixel at the center of the block is detected by the designed noise detector. If the noise detector identifies a pixel with no impulse noise, it remains unchanged. Once the noise detector locates a pixel corrupted by impulse noise, the original gray level of the noise pixel is estimated from the neighboring pixels in the second step.
To detect impulse noise, a fuzzy-based average threshold (FAT) filter is proposed to restore the image. We define the following two-parameter membership function to implement fuzzy reasoning (1) where and are the two pre-determined parameters. For images with 256 gray levels, if and , the membership function is likely to be a triangular-shaped function. is defined as the noise detection threshold, it can be justified by the type of images. From experiments, to achieve real time applications and hardware design, and as 32 and 255 are selected, respectively.
Fuzzy reasoning resorts to a set of rules in order to detect noise pulses. For the proposed operator, a fuzzy set labeled noise detector (ND) is adopted to detect the noise using the membership function in (1) . The noise detection algorithm is based on a simple fuzzy rule, shown as follows: where denotes the luminance differences and the output. Since TV signals are transmitted in line scanning format to the receiver, the probability that impulse noise 
Since factors 1/4 and 1/2 can be realized using 2-bit and 1-bit shifters, rule (2) exploits the luminance difference and , , and are the inputs for (1) detecting a noise pulse in the 0 position. From (2), if , and are smaller than , the pixel is detected as nonimpulse noise ( ), the pixel will not require any processing. Otherwise, if the pixel in the center is detected as impaired with impulse noise, it will be replaced by a new estimated value. From [6] , the output is obtained as follows:
where (5) Fig. 2 depicts the detailed flow diagram of the FAT filter. In different image communication channels, different impulse noises might be generated in terms of the pulse intensity and duration. In order to achieve the optimal restoration of the impaired picture, the threshold of the impulse noise detection must be adjusted according to the type of images. Mean variance [16] can be used to define the type of image. The mean variance should have positive correlation with the threshold. The larger the mean variance is, the bigger the threshold will be selected. Nevertheless, in this paper, in order to reduce the hardware complexity, from experiments, the fixed threshold is used to implement the hardware. From (2), it can be observed that the proposed fuzzy algorithm with only one fuzzy rule is less than those suggested in [6] with 26 rules for every processed block and suitable for hardware implementation.
To verify the proposed filter algorithm, the "Lady" image with various impulse noise ratios was generated as the input for the FAT impulse noise filter. The noise image model was simulated by randomly adding extremely light or dark gray level pixels. At the same time, the traditional median filters with filter length of 7 and 9 were also adopted in the simulations for references. Table I shows the PSNR values achieved by the median, the peak-and-valley filter [12] , the BAT filter [14] , the fuzzy-based filter [6] , and the proposed FAT filter. It shows that the proposed FAT filter is better than the traditional median filters and fuzzy-based filter [6] when the impulse noise ratio is less than 4.37%. With highly corrupted noise, corrupted by more than 5.05% impulse noise, the performance of the proposed method is slightly worse than the fuzzy-based filter [6] but better than the traditional median methods. In addition, the proposed FAT filters require less computation than the fuzzy filters [6] , [8] which require 26 fuzzy rules or more for every processed pixel. When the ratio of impulse noise is 5.05%, Fig. 3(a), (b) , (c), (d), and (e) show the original, the impulse-noise impaired, the nine-point median filtered the fuzzy-based filter [6] and the FAT filtered "Lady" images, respectively. The proposed FAT filter, which has less computation and achieves better performance than the median filters and fuzzy-based filter [6] , should be a good impulse noise removal.
III. REALIZATION OF FAT FILTER
In this section, the hardware design for the FAT filter implementation is presented. As described in Fig. 2 , the design procedure consists of preprocessing, noise detection and noise filtering. The preprocessing is used to compute , for each 3 3 block, is computed by (3) as described in Section II. Noise detection uses fuzzy rule in (2) and membership function in (1) to detect impulsive noise. From (2) , if the pixel is detected as nonimpulse noise, the pixel will not require any processing. Otherwise, if the pixel in the center is detected as impaired with impulse noise, it will be replaced by a new estimated value; noise filtering processes the center pixel when the noise is detected and replaces the center pixel by the output as described in (4) and (5) . The detail hardware design block diagrams are described as follows. Fig. 4 demonstrates the architecture of the proposed FAT filter. For a 3 3 processing unit, two line buffers are needed after the analog video signal is sampled by the A/D converter. 5(a) shows the relation among the three image data processed lines as the input for the noise reduction kernel depicted in Fig. 6 , where , , and denote the image pixels that come from the A/D converter and the two line buffers, respectively. Since every window contains nine points, the average value, can be computed in each cycle. In the first and third clock cycles, the summations of the three column pixels are calculated. However, in the second clock cycle, only two pixels are taken into account. Since a 3 3 sample window is adopted, a pipeline architecture is established to improve the processing speed, as shown in Fig. 5(b) . In this architecture, only two adders, one 1-bit shifter for dividing by 2 and one 2-bit shifter for dividing by 4 are required. Fig. 7 shows the function blocks for the FAT filter, which involve noise detection and noise filtering. Since the pipeline structure was used in the previous stage, we can obtain SA for every clock cycle and calculate the difference value easily using an abstract subtractor. An accumulative comparator is used to find the maximum value in Fig. 7 . If the current value is larger than the held value, it will replace the current value and store it; otherwise, the maximum value will be held. The function block is used to calculate the function of as presented in the previous section. The function block is regarded as a filtering output. If the noise is detected, the output will be replaced by , otherwise, the current pixel will be the output. To design easily, in this hardware implementation, the closest neighboring pixel to the current vertical average value in the processing block is selected as output .
IV. CONCLUSION
In order to improve the image and simplify the computational complexity, a FAT nonlinear filter was proposed for traditional analog video receivers. To evaluate the proposed algorithm, various percentages of impulse noise was added to the original images. Simulation results have shown that the proposed FAT filter achieves better performance in comparison to the well-known median filters. The proposed filter requires lower computational complexity than the later in hardware. A corresponding architecture for impulse noise cancellation has also been proposed.
